e Leptospira interrogans is a global zoonotic pathogen and is the causative agent of leptospirosis, an endemic disease of humans and animals worldwide. There is limited understanding of leptospiral pathogenesis; therefore, further elucidation of the mechanisms involved would aid in vaccine development and the prevention of infection. HtpG (high-temperature protein G) is the bacterial homolog to the highly conserved molecular chaperone Hsp90 and is important in the stress responses of many bacteria. The specific role of HtpG, especially in bacterial pathogenesis, remains largely unknown. Through the use of an L. interrogans htpG transposon insertion mutant, this study demonstrates that L. interrogans HtpG is essential for virulence in the hamster model of acute leptospirosis. Complementation of the htpG mutant completely restored virulence. Surprisingly, the htpG mutant did not appear to show sensitivity to heat or oxidative stress, phenotypes common in htpG mutants in other bacterial species. Furthermore, the mutant did not show increased sensitivity to serum complement, reduced survival within macrophages, or altered protein or lipopolysaccharide expression. The underlying cause for attenuation thus remains unknown, but HtpG is a novel leptospiral virulence factor and one of only a very small number identified to date.
L eptospira interrogans is a global zoonotic pathogen that infects a wide variety of hosts, including humans, domestic animals, and rodents (1, 2) . Leptospirosis is a systemic infection transmitted to susceptible hosts via contact with contaminated water or soil, or by direct contact with urine or other tissues of infected animals. The leptospires enter the host via skin abrasions or mucous membranes, disseminate rapidly via the blood, and invade the host tissues and organs (3, 4) . Symptoms of leptospirosis include general malaise and fever and can lead to more-severe disease, including lung hemorrhages, multiorgan failure, and death (2) (3) (4) . The understanding of leptospiral pathogenesis is limited, but headway has been made by the identification of a small number of factors required for disease (5) (6) (7) (8) (9) (10) (11) (12) ; this advance was facilitated by the development of a transposon mutagenesis system for pathogenic Leptospira (13) and the generation of a library of mutants (14) . However, the specific mechanisms of leptospiral pathogenesis still remain unknown.
Heat shock protein 90 (Hsp90) is a well-conserved molecular chaperone found in eukaryotes and bacteria; the prokaryotic Hsp90 homolog is more commonly known as HtpG (high-temperature protein G). Hsp90 is thought to act on its substrates by assisting in slight conformational changes that promote the activity of the substrate (15) . Hsp90 is approximately 90 kDa and contains three domains: the N domain, the M domain, and the C domain. The N domain is located in the first ϳ216 residues of Hsp90 and contains an ATP binding site; ATP hydrolysis facilitates conformational changes within Hsp90 to assist in substrate binding (16) (17) (18) . The M domain is predicted to be the site of substrate binding and to provide the catalytic arginine residue for ATP hydrolysis (15, 19, 20) . Hsp90 functions as a homodimer, and the C domain is responsible for dimerization (16, 21) .
Bacterial HtpG is approximately 68 to 70 kDa and shares the three domains of Hsp90 but differs by the absence of two regions: a 50-residue linker between the N and M domains and a 35-to 40-residue extension at the C-terminal end of Hsp90 involved in binding to cochaperones (22) . No bacterial HtpG cochaperones have been identified (23, 24) .
Hsp90 is an essential protein in eukaryotes (25) and has many different roles in facilitating protein folding, along with a growing number of cochaperones (outlined in reference 18). On the other hand, in bacteria, the loss of HtpG is tolerated. The phenotypes resulting from htpG disruption can range from a slight growth defect at high temperatures and during cold shock recovery to increased sensitivity to oxidative stress (26) (27) (28) (29) . Two studies have revealed that HtpG from Francisella tularensis and Edwardsiella tarda is important in the pathogenesis of these bacteria (27, 30) ; however, the precise role of HtpG in bacterial pathogenesis is not well characterized.
A high-throughput method for screening Leptospira transposon mutants for attenuation in vivo has been developed; the application of this method revealed that a Leptospira interrogans serovar Manilae htpG mutant was attenuated in the hamster model of acute leptospirosis (31) . In this study, we characterize the role of htpG in acute leptospirosis. The htpG mutant was complemented, resulting in the restoration of virulence.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The strains used in this study are listed in Table 1 . Transposon mutagenesis was performed on L. interrogans serovar Manilae strain L495 previously (13, 14) , and the location of TnSC189 insertion in the mutants was determined by direct sequencing of genomic DNA (32) . All L. interrogans strains were grown in EllinghausenMcCullough-Johnson-Harris (EMJH) medium (Becton, Dickinson) at 30°C, unless otherwise stated.
Complementation of the htpG mutant. htpG was amplified with primers BAP6974 (5=-AAAAGGGCCCATGAGCGAAGAAATTAAAGG A-3=) (forward) and BAP6975 (5=-AAAAGTCGACTTACGTACCGCTC AACTCTT-3=) (reverse) (restriction enzyme sites are underlined), and the product was digested with restriction enzymes ApaI and SalI before insertion into TnSC189 containing a spectinomycin resistance cassette (TnSC189 Spc r ) (9) . The promoter region of lipL32 (la2637) was amplified with primers BAP7151 (5=-AAAAGGTACCACTTCGGAAGAACAA GAAAG-3=) (forward) and BAP7152 (5=-TTTTGGGCCCAGACTCTCC TTAGTTAGGAA-3=) (reverse), and the product was first digested with restriction enzymes KpnI and ApaI and then inserted into TnSC189 Spc r :: htpG upstream of htpG. The htpG complementation construct was introduced by conjugation from Escherichia coli into the htpG mutant M1233, as described previously (33) .
Evaluation of virulence in the hamster model of infection. The virulence of wild-type L. interrogans serovar Manilae strain L495, htpG mutant M1233, and the M1233 ϩhtpG strain was tested in golden hamsters of either sex, aged 4 to 6 weeks, as described previously (14) . The animals were monitored for 21 days, and moribund animals were euthanized in accordance with animal ethics requirements. The frequency (number) and severity (size) of the lung hemorrhages were assessed, and kidney tissue was collected postmortem for culture. PCR was used to confirm the genotype of the mutants reisolated from the hamsters. Animal experiments were approved by the Animal Ethics committees of Khon Kaen University and the Institut Pasteur. Histopathology examinations were performed on hamster kidney, liver, and lung tissue as described previously (10) .
qPCR quantification of leptospires in hamster tissues. Groups of four golden hamsters were infected intraperitoneally with 10 5 wild-type, M1233, or M1233 ϩhtpG leptospires. The animals were euthanized 5 days postinfection, and the kidneys, livers, and lungs were collected. The tissues were weighed and were homogenized in phosphate-buffered saline (PBS; pH 7.4) to a final concentration of 148 g/l. DNA was extracted from 300 l of tissue suspension by using a Promega Maxwell 16 tissue DNA purification kit with a Promega Maxwell 16 instrument. The concentration of extracted DNA was measured with a NanoDrop ND-1000 spectrophotometer (Thermo Scientific). Quantitative PCR (qPCR) was performed as described previously (34) , by targeting lipL32 with primers 5=-AAG CAT TAC CGC TTG TGG TG-3= (forward) and 5=-GAA CTC CCA TTT CAG CGA TT-3= (reverse) (35) and targeting gapdh (the normalizing gene) with primers GAPDHF (5=-GGTTCACACCCATCACAA ACAT-3=) (forward) and GAPDHR (5=-GGTGGAGCCAAGAGGGTCA T-3=) (reverse). A total of 60.8 ng of template DNA was used per qPCR, and PCR conditions (with ramp rates of 20°C s Ϫ1 ) were as follows: initial denaturation at 95°C for 600 s, followed by 45 cycles of amplification at 95°C for 10 s, 57°C for 8 s, and 72°C for 10 s, and fusion at 95°C for 360 s. Statistical analysis was performed using one-way analysis of variance (ANOVA) and subsequent t tests.
Motility, heat, and osmotic stress assays. The motility of leptospiral strains was assessed by inoculating semisolid EMJH medium, containing 0.5% agar, with approximately 10 5 cells in quadruplicate. The plates were incubated at 30°C for 10 days, and the diameter of the zone of spread was measured. For heat stress, growth curves of the wild type and htpG mutant M1233 were conducted in triplicate in 15 ml EMJH medium. The medium was inoculated with 2 ϫ 10 7 cells/ml and was incubated at 30°C, 37°C, or 39°C for 16 to 18 days. Measurements of optical density at 420 nm were recorded. Leptospires were tested for sensitivity to increased osmolarity. EMJH medium was supplemented with NaCl (240 mM, 180 mM, 120 mM, or 60 mM) or sucrose (480 mM, 360 mM, 240 mM, or 120 mM) to generate an osmolarity of 600, 450, 300, or 150 mosmol, respectively, and was aliquoted across 96-well trays. A 100-l volume of leptospiral culture at 5 ϫ 10 7 cells/ml was added to each well in biological triplicate, and the plates were incubated at 30°C for 4 days. The inhibitory osmolarity was the lowest concentration tested that resulted in no viable, intact cells (as determined by dark-field microscopy).
Growth under oxidative stress. Hydrogen peroxide and cumene hydroperoxide were serially diluted in EMJH medium across 96-well trays from 8 mM to 7 M and from 2.5 mM to 2 M, respectively. A 100-l volume of leptospiral culture at 5 ϫ 10 7 cells/ml was added to each well in biological triplicate, and the plates were incubated at 30°C for 4 days. The MIC was determined by dark-field microscopy as the lowest concentration tested that resulted in no viable, intact cells.
Two-dimensional (2D) gel electrophoresis. Wild-type and M1233 cells either were grown to 5 ϫ 10 8 cells/ml in 5 ml EMJH medium at 30°C or were first grown at 30°C and then incubated at 39°C for 90 min to induce heat shock. Cells were harvested at 8,000 ϫ g for 10 min. The cell pellets were resuspended in 280 l rehydration buffer {7 M urea, 2 M thiourea, 4% [ with vigorous mixing at room temperature for 2 h. Insoluble material was removed by centrifugation at 13,000 ϫ g for 5 min. Isoelectric focusing was performed as described previously (36) using 7-cm Immobiline DryStrip pH 3-10 gels (immobilized pH gradient [IPG] strips) (Amersham Biosciences) that were rehydrated overnight with 125 l of solubilized whole-cell lysate. The IPG strips were equilibrated in 6 M urea, 30% (vol/vol) glycerol, 2% (wt/vol) sodium dodecyl sulfate (SDS), 0.25% (wt/vol) DTT, and 50 mM Tris-HCl (pH 6.8) for 15 min. The strips were placed in fresh equilibration buffer, with DTT replaced by 4.5% (wt/vol) iodoacetamide and 0.001% (wt/vol) bromophenol blue, for an additional 15 min. The second dimension was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE). The gels were fixed with 50% ethanol and 3% phosphoric acid and were stained with colloidal Coomassie blue. Each sample was analyzed in duplicate. Proteins differentially expressed in the wild type and M1233 were excised and were identified by mass spectrometry as described previously (36) and by utilizing the MASCOT peptide mass fingerprint database (Matrix Science).
Analysis of LPS profiles by SDS-PAGE. Lipopolysaccharide (LPS) samples were prepared as described previously (9) . Briefly, mid-log-phase cultures were first centrifuged and then resuspended in 100 l of sample buffer (50 mM Tris-HCl [pH 6.8], 14.4 mM ␤-mercaptoethanol, 2% SDS, and 0.1% bromophenol blue in 20% glycerol) at 10 7 leptospires/l. The samples were boiled for 5 min and were cooled on ice; then 2 l proteinase K (20 mg/ml; Roche) was added, and samples were incubated at 60°C for 2 h. The LPS samples were boiled for 5 min before analysis by SDS-PAGE. Silver staining was performed using the Pierce Silver Stain kit (Thermo Scientific) according to the manufacturer's instructions. 
SDS-PAGE and immunoblotting.
To prepare whole-cell lysates, 10 9 cells were centrifuged (13,000 ϫ g, 5 min), washed once in PBS, resuspended in 100 l sample buffer, and then boiled for 5 min. The whole-cell lysates and LPS samples were analyzed by 12.5% SDS-PAGE and immunoblotting using standard methods (37) . The immunoblots were blocked and were probed with a rabbit antiserum against either Loa22 (11) (dilution, 1:2,000), whole cells of serovar Manilae (dilution, 1:1,000) (9), or recombinant HtpG from Porphyromonas gingivalis (dilution, 1:1,000) (38) in Tris-buffered saline-Tween (TBS-T). The membranes were washed three times in TBS-T, probed with horseradish peroxidase-conjugated anti-rabbit IgG (diluted 1:5,000) (Millipore), developed using Amersham ECL Western blotting detection reagents (GE Healthcare), and exposed to a LAS3000 chemiluminescence imager (Fujifilm). Complement resistance. The resistance of the wild type and M1233 to complement was determined by incubating 4 ϫ 10 6 cells with 90% pooled human serum (39) . The cells were incubated at 37°C for 60 min before survival was determined by dark-field microscopy comparing the proportion of motile cells to that of nonmotile cells (see Results and Discussion).
Macrophage association assay. The association of leptospires with murine bone marrow-derived macrophages was determined as described previously (40) . Briefly, leptospires were incubated with murine bone marrow-derived macrophages at a multiplicity of infection of 50:1 for 2 and 48 h. The number of intracellular leptospires was quantified by qPCR using leptospiral 16S rRNA primers. Statistical analysis was performed using Student's t test on biological triplicates.
RESULTS AND DISCUSSION
Bioinformatic analysis of htpG. HtpG (LB058 in Leptospira interrogans serovar Lai) is a protein of 608 amino acids that is highly conserved (Ͼ92% identity) across L. interrogans and Leptospira borgpetersenii serovars (41) (42) (43) . The saprophytic species Leptospira biflexa also contains an HtpG homolog with 65% identity to HtpG of L. interrogans serovar Manilae (LBF4008 in Leptospira biflexa serovar Patoc [44] ). htpG is located in a putative operon (lb051 to lb059 in L. interrogans serovar Lai) consisting of nine open reading frames, either overlapping or with very small intergenic regions (Fig. 1) . The first gene, lb051, encodes a putative MoxR-like ATPase. MoxR is associated with chaperone activities under stress conditions but has various roles in different bacteria (45) . LB052 is a protein of unknown function containing a metalbinding von Willebrand factor A (VWA) domain. Proteins containing VWA domains are commonly found downstream of MoxR ATPases (45) . LB053 is a protein of unknown function with no significant similarity to other proteins within the genus Leptospira or other bacteria; no conserved domains were identified. LB054 to LB057 share strong similarity with BatABCD from the batI operon in Bacteroides fragilis, involved in the aerotolerance of this obligate anaerobe (46) . A recent study characterized the batI operon in L. biflexa but found no involvement in oxidative stress (47) . Additionally, despite the operon structure surrounding htpG, this gene and lb059, located downstream of batD, are independently transcribed (47) . The last gene in the operon, lb059 encodes a hypothetical protein with only limited similarity to a hypothetical protein in Leptonema illini, Lepil_4068 (28% identity; 55% similarity).
BLASTp analysis of L. interrogans HtpG revealed that the protein shares significant similarity with other HtpG and Hsp90 proteins. There is a putative ATPase domain at the N terminus, where all of the 17 conserved residues identified for ATP binding are present (E34, N38, D41, L76, D78, G80, G82, M83, G121, L122, G124, F125, L136, T138, G155, T156, F158), including two G-X-G motifs ( 80 GIG 82 and 129 GLG 131 ) (17, 27) . Analysis of the C terminus of L. interrogans HtpG by protein domain prediction servers DomPred and PSIPRED showed that it has a predicted secondary structure very similar to that of the E. coli HtpG C-terminal domain (16, 48, 49) (Fig. 1B) .
htpG mutant M1233 is attenuated for acute infection. L. interrogans serovar Manilae strain M1233 is an htpG mutant generated by transposon mutagenesis (13, 14) , with the transposon insertion 46 bp from the start codon of the gene (Fig. 1) . Complementation of leptospiral mutants is extremely difficult due to the lack of replicating plasmids for pathogenic leptospires; there are only three reports of complementation in the literature (8, 11, 12) . Complementation has been achieved by using a transposon carrying a complementing gene (11), although transposition efficiency remains low. Four complemented M1233 strains were obtained in this study, each with TnSC189 Spc r ::htpG, containing an intact htpG gene inserted into different genes. Preliminary analysis indicated that all four strains had restored virulence, so one complemented strain (named M1233 ϩhtpG ), with the complementing construct inserted on the chromosome in the la0166 gene (encoding a protein of unknown function), was chosen for this study. The original insertion in htpG was retained in M1233
ϩhtpG . Immunoblot analysis of the wild type, the htpG mutant M1233, and the complemented mutant M1233 ϩhtpG was performed with an HtpG antiserum (Fig. 2) . A 68-kDa band corresponding to HtpG was present in the wild type and M1233 ϩhtpG but absent in M1233, indicating that complementation of M1233 restored the expression of HtpG in M1233 ϩhtpG (Fig. 2) . The virulence of M1233 was characterized in the hamster model of acute leptospirosis. M1233 was highly attenuated, with 100% survival of infected animals at a dose of 10 3 leptospires. All hamsters also survived infections at higher doses of 10 5 and 10 7 leptospires (Table 2) ; this corresponds to more than 10 6 times the 50% infective dose (ID 50 ) of Ͻ10 for L. interrogans serovar Manilae (50) . In contrast, all animals infected with 10 3 wild-type leptospires succumbed to infection by days 8 to 9. Likewise, all animals infected with M1233 ϩhtpG succumbed to infection, demonstrating full restoration of virulence (Table 2) . Macroscopic lung hemorrhages were observed at similar frequencies and severities in animals infected with the wild type and the htpG mutant, and leptospires were cultured from the kidneys of all animals. The genotype of M1233 was confirmed by PCR upon reisolation from the hamsters.
Histopathological analysis of tissues from animals infected with M1233 revealed multifocal tubular and glomerular hemorrhage and necrosis of the kidney (Fig. 3) . Diffuse mild dissociation and single-cell necrosis of hepatocytes with multifocal hemorrhages were observed in the liver tissue, and multifocal alveolar hemorrhages were observed in the lung tissue (Fig. 3) . Macroscopic and histological lesions were indistinguishable from those in hamsters infected with wild-type leptospires. This finding suggests that serovar Manilae has a mechanism of lethality distinct from these pathologies, a possibility that warrants further investigation to define the mechanism of attenuation in M1233.
The numbers of leptospires present in hamster kidney, liver, and lung tissue at 5 days postinfection were quantified by qPCR (Fig. 4) . The numbers of htpG mutant leptospires in kidney and liver tissue were significantly lower than the numbers of wild-type and M1233 ϩhtpG leptospires, whereas there was no difference in the number of leptospires present in lung tissue (Fig. 4) . Of interest, the reduced bacterial burdens in the kidney and liver did not result in reduced tissue pathology. Despite the reduced number of M1233 leptospires in hamster kidney tissue, the leptospires were not completely cleared from hamster kidneys at 21 days postinfection; kidneys were culture positive at the conclusion of the infection experiment. A recent study showed that the leptospiral htpG mutant M1233 was unable to colonize the kidneys of BALB/c mice (31) . Nothing is known about the mechanisms by which pathogenic Leptospira colonizes the kidneys of carrier host species or the molecular basis that determines whether an infection is an acute lethal infection (hamsters) or results in asymptomatic renal colonization (mice). The ability of M1233 to colonize hamster kidneys, but not mouse kidneys, is intriguing; defining the specific role of HtpG in leptospiral virulence may provide insight into the bases of lethal acute leptospirosis and renal colonization.
The precise role of HtpG in bacterial pathogenesis is unclear and appears to differ for different bacterial species. An htpG mutant in F. tularensis was attenuated in a mouse model of infection, with 1,000-fold fewer mutant than wild-type bacteria isolated in competition experiments. The mutant also showed defects in intracellular growth in macrophages (30) . An E. tarda htpG mutant was attenuated for virulence in Japanese flounder, as demonstrated by diminished recovery of bacteria from blood and reduced fish mortality; the strain also had defects in growth at elevated temperatures (27) . In contrast, analysis of a Porphyromonas gingivalis htpG mutant in cell adhesion and invasion assays found that its virulence was not impaired (38) . Accordingly, we performed a number of phenotypic assays to investigate possible mechanisms responsible for the attenuation of the leptospiral htpG mutant.
Resistance to heat, oxidative, and osmotic stress. HtpG is a well-conserved molecular chaperone, found in all bacteria, that assists in protein folding under stress conditions (15) . The loss of HtpG can result in various effects on bacterial cells, including a slight growth defect at high temperatures and increased sensitivity to oxidative stress (27, 28, 51) . To assess the role of HtpG during heat, oxidative, and osmotic stresses, the growth and survival of M1233 were measured. The growth of M1233 was not impaired at the optimal laboratory growth temperature of 30°C; there was likewise no difference in growth between M1233 and the wild type at 37°C (Fig. 5) . Neither strain grew at 39°C (data not shown). The cell morphology of M1233 remained normal at higher temperatures, as determined by dark-field microscopy. These results are in contrast to those of other studies on htpG mutants; Synechococcus elongatus PCC7942 and E. coli htpG mutants both showed growth rates lower than those of wild-type strains at 45°C and 44°C, respectively (28, 51) . An E. tarda htpG mutant also exhibited a lowered growth rate at an elevated temperature of 37°C but reached a cell density equivalent to that of the wild type after 14 h (27) . There are, however, htpG mutants that do not exhibit reduced growth at high temperatures; a Bacillus subtilis htpG mutant was able to grow unimpaired at 48°C (29) .
In L. interrogans, the genomic location of htpG in a putative batI operon suggested that HtpG may play a role in protection against oxidative stress. The sensitivity of htpG mutant M1233 to hydrogen peroxide and cumene hydroperoxide was tested by MIC assays. The MICs determined for the wild type and M1233 were the same, at 250 M hydrogen peroxide and 39 M cumene hydroperoxide (Fig. 6A) , indicating that the loss of HtpG does not impact the ability of M1233 to survive oxidative stress. In contrast, E. tarda and S. elongatus PCC7942 htpG mutants did exhibit increased sensitivity to oxidative stress and were less fit than their wild-type strains when grown in the presence of 1 mM hydrogen peroxide or 5 M methyl viologen, respectively (27, 52) .
Osmotic stress is a stress condition to which leptospires must adapt during infection, and studies have shown that expression of heat stress-related molecular chaperones can be induced by osmotic shock (53) . EMJH medium has an approximate osmolarity of 70 mosmol, whereas physiological osmolarity is approximately 300 mosmol (54) . Wild-type and M1233 leptospires were grown in EMJH medium or in EMJH medium with increased osmolarity (150 mosmol to 600 mosmol), supplemented with NaCl or sucrose. The growth of wild-type and M1233 cells was inhibited at 600 mosmol, indicating no difference in sensitivity to osmotic stress (Fig. 6B) .
Based on the role of HtpG in tolerating stress in other bacteria, it was surprising that the htpG mutant M1233 did not exhibit increased sensitivity to heat, oxidative, or osmotic stress. However, as discussed above, htpG mutation results in a diverse range of phenotypes in different bacterial species. Additionally, L. interrogans has an HtpG paralog, LA1231 (serovar Lai), with 23% identity and 43% similarity to HtpG. LA1231 does not compensate for the loss of virulence observed in M1233; an la1231 mutant retained virulence in hamsters (Table 2 ). This paralog may have a primary or compensatory role in combating heat, oxidative, or osmotic stress in the absence of HtpG. A previous microarray study, in which the expression of htpG remained stable while its paralog la1231 was upregulated at a higher temperature (2.6-fold upregulation at 39°C over expression at 30°C) (55) , supports this view.
Analysis of in vitro protein expression. The loss of a molecular chaperone such as HtpG can result in protein aggregation (56) and could affect the expression levels of proteins associated with leptospiral virulence. To assess this possibility, the protein profiles of the wild type and M1233 were compared by 2-dimensional (2D) gel electrophoresis. The protein profiles under normal con- ditions (growth in EMJH medium at 30°C) and under heat shock (growth under normal conditions followed by a heat shock, 39°C for 90 min) were compared. Only two proteins were found to be downregulated in the htpG mutant under both normal and heat shock conditions; these proteins were identified as LipL48 and LA0505 by mass spectrometry (Mascot scores, 90 and 84, respectively). LipL48 (LA3240 in serovar Lai) is a Leptospira outer membrane lipoprotein. To determine if the reduction in the level of LipL48 protein expression resulted from htpG mutation, LipL48 immunoblot analysis was performed on a number of unrelated leptospiral strains. Variable levels of LipL48 expression were observed (data not shown; D. Haake, personal communication). Some strains, including L. interrogans serovar Manilae strain M874 and L. interrogans serovar Pomona strain P52, produced no detectable LipL48 yet retained virulence (57), indicating that reduced expression of LipL48 is not associated with the loss of htpG and does not attenuate virulence. The mechanism for variable expression of LipL48 is unknown.
LA0505 (serovar Lai) is a conserved hypothetical protein that is surface exposed (58) . The reduced expression of LA0505, like that of LipL48, is unlikely to contribute to the attenuation of M1233, since a la0505 mutant, M1020, retained virulence (14) . The analysis of in vitro protein profiles thus found no obvious differences in protein expression that could account for the complete loss of virulence observed for htpG mutant M1233.
Analysis of known leptospiral virulence factors: LPS, motility, and Loa22. LPS (9), outer membrane protein Loa22 (11) , and motility (6, 7) are three factors essential for leptospiral virulence. To determine if the attenuation of htpG mutant M1233 was due to the modification or loss of these, each was assessed in this mutant. The LPS profiles of proteinase K-treated whole-cell lysates of the wild type and M1233 were analyzed by SDS-PAGE and carbohydrate silver staining. M1233 retained a normal LPS profile by silver staining (Fig. 7A) , with no obvious alterations in profile, in contrast to the lower-molecular-mass LPS exhibited by the attenuated control strain M895 (9) . By immunoblot analysis, the reactivity of an anti-serovar Manilae antiserum to M1233 LPS was indistinguishable from that against wild-type LPS (Fig. 7A) .
The motilities of wild-type serovar Manilae and M1233 were assessed by a plate assay using semisolid agar (0.5% agar). Motility was the same for the two strains; the wild type had a zone of spread of 15.6 Ϯ 1.3 mm, and M1233 had a zone of spread of 15.2 Ϯ 2.2 mm (P, Ͼ0.05 by Student's t test). The expression of Loa22 was measured by immunoblotting. A comparison of Loa22 expression in the wild type and htpG mutant M1233 revealed no difference (Fig. 7B) . We therefore conclude that the attenuation of htpG mutant M1233 was not due to altered motility, LPS expression, or Loa22 expression.
Resistance to innate immune defenses. Increased susceptibility to host innate immune factors could explain the attenuation of htpG mutant M1233. Two key defenses against pathogens are macrophages and serum complement. L. interrogans is resistant to killing by serum complement (39, 59) , whereas the saprophytic species L. biflexa is sensitive. To assess whether the disruption of htpG in M1233 affected resistance to human complement, wildtype and M1233 cells were incubated with 90% pooled normal human serum at 37°C for 60 min; the viability of the cells was then determined by direct microscopic counts. Nonmotile cells are considered nonviable (60) , with direct microscopic counts employed as a measure of viability in several studies (9, 59, 61, 62) , including assessment of sensitivity to complement (59, 61) . Additionally, studies with luminescent leptospires have shown motility to be an accurate measure of cell viability (39) . Leptospires tend to aggregate in culture and have diffuse colony morphologies (60) that make viable plate counts problematic and highly inaccurate. There was no difference in the survival of wild-type and M1233 leptospires in the presence of human serum (Fig. 8) ; the saprophytic species L. biflexa was included as a positive control and was killed rapidly. Heat-inactivated serum did not kill wild-type, M1233, or L. biflexa cells; all strains exhibited Ͼ90% survival (Fig.  8) . The disruption of htpG did not alter the serum resistance of M1233. LPS is an important mechanism used to evade complement activation (63) , and we have shown that the LPS of M1233 does not appear to be altered. Pathogenic leptospires also possess a number of proteins that bind to complement factors, such as factor H and C4b-binding protein, and inhibit the classical and alternative pathways of complement; these include LenA/LfhA (64, 65), Lsa30 (66), LcpA (67) , and Lig proteins (61, 68) . Our 2D analysis of the protein profile of M1233 found changes in the expression of only two proteins (see above) following htpG disruption; the fact that M1233 retained complement resistance factors is consistent with the expression of these proteins. Of course, we cannot exclude the possibility that the expression profiles of these or other proteins may differ under in vivo conditions.
The function of HtpG in F. tularensis has been linked to intracellular survival in macrophages, where an htpG mutant of F. tularensis exhibited significantly reduced intracellular growth and a reduction in the rate of induced macrophage death (30) . Pathogenic Leptospira has exhibited delayed clearance from murine macrophages, with the potential to replicate intracellularly (40) . To determine if leptospiral HtpG has a role in leptospiral survival in macrophages, the association of wild-type and M1233 leptospires with murine macrophages was assessed (Fig. 9) . After 2 h and 48 h, there was no difference between the number of intracellular wild-type and htpG mutant leptospires in the murine macrophages; M1233 did not exhibit reduced survival within murine macrophages. This result is supported by the virulence trials, which indicated that the htpG mutant was able to disseminate throughout the hamsters; leptospires were detected in the liver, lung, and kidneys (Fig. 4) . Despite these signs of disease, the infection was not lethal, even at extremely high doses.
Role of HtpG in pathogenesis. Recently, another molecular chaperone, ClpB, was shown to be required for leptospiral virulence; the leptospiral clpB mutant was attenuated in the gerbil model of acute leptospirosis (8) . The clpB mutant showed impaired growth at 37°C compared to 30°C and increased sensitivity to oxidative stress when grown on plates in the presence of 10 mM and 20 mM butyl peroxide or 20 mM hydrogen peroxide (8) . It is clear that impaired stress responses can lead to attenuation of virulence. This was observed in the leptospiral clpB molecular chaperone mutant (reduced virulence, impaired growth at elevated temperatures, increased sensitivity to oxidative stress) and in htpG mutants of F. tularensis (reduced growth in macrophages) and E. tarda (growth delay at 37°C, increased sensitivity to oxidative stress). The distinction between these three mutants and the leptospiral htpG mutant is that the leptospiral htpG mutant does not appear to be impaired under heat, oxidative, or osmotic stress, nor does it appear to have any in vitro proteins differentially expressed that account for attenuation. The leptospiral htpG mutant is not more susceptible to clearance by macrophages or more sensitive to human complement than the wild type. However, it is very clear that HtpG plays a critical role in leptospiral infection, making it one of only a very few confirmed virulence factors in Leptospira (see the introduction). Since the pathogenesis of Leptospira is poorly characterized, further analysis of this mutant may define novel and specific pathogenic mechanisms.
HtpG, as a molecular chaperone, is thought to act by assisting in slight conformational changes to its substrates (23); it may not affect the protein expression of its substrates directly but may affect the substrate activity. Only two HtpG client proteins have been identified: 50S ribosomal protein L2 from E. coli (69) and a 30-kDa linker polypeptide from the phycobilisome of the cyanobacterium Synechococcus elongatus (24) . HtpG substrates may not be conserved in different bacteria due to variations occurring in the N domain and the M domain of HtpG, where substrates bind (24, 69) , thus accounting for differing phenotypes when this gene is disrupted. Identification of the leptospiral HtpG substrates could help to elucidate the role of this protein in leptospiral pathogenesis. This study demonstrated that HtpG is essential for leptospiral virulence, and our results are consistent with a novel, as yet undetermined role for leptospiral HtpG in pathogenesis. 
